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COHERENTLY CONTROLLED NONLINEAR 
RAMAN SPECTROSCOPY AND 

MICROSCOPY 

FIELD OF THE INVENTION 

The present invention relates to Raman spectroscopy and 
microscopy, and in particular, to coherent anti-stokes Raman 
spectroscopy and microscopy. 

BACKGROUND OF THE INVENTION 

In coherent nonlinear spectroscopy, the sample is probed 
by measuring processes of energy exchange betWeen pho 
tons interacting With the sample. One of the most common 
nonlinear spectroscopy methods is coherent anti-stokes 
Raman scattering (CARS), a coherent four-Wave mixing 
process involving the generation of a coherent vibration in 
the probed medium. In CARS, three laser photons, a pump 
photon (00p) a probe photon (my) and the Stokes photon 
(00S), overlap in the medium under investigation. By non 
linear interaction With the molecules a fourth coherent 
photon (uuAS) With the anti-Stokes frequency wAs:wp—u)s+ 
(up, is generated. 
The CARS process can be visualiZed in a molecular 

energy level diagram as depicted in FIG. 1, Where Ii) and |g 

are molecular rovibrational states, and lot) and IB) are virtual 
evels. Resonant enhancement of the CARS process occurs 
When the frequency difference QR:u)P—u)S coincides With a 
vibrational level of the medium. 

The CARS process, as a coherent scattering process, has 
to ful?ll a phase matching condition, Which is equivalent to 
momentum conservation of the photons involved. With the 
Wave vectors of the pump photon (k1,), the probe photon 
(kpr) and the Stokes photon (ks), the Wave vector of the 
Raman signal can be obtained by 

In general, there are tWo conventional different techniques 
utiliZing a multi-beam excitation scheme for measuring a 
CARS spectrum, as disclosed, for example, in US. Pat. Nos. 
4,077,719; 4,084,100; 4,405,237; and 4,512,660; and in WO 
02/48660. 

According to the ?rst technique, the so-called scanning 
CARS, tWo narroW bandWidth lasers at (up and at (us (having 
spectral Width of the order of the typical lineWidth of Raman 
levels, i.e., 1 cm“) are tuned over the Raman resonances of 
the probed species to generate a signal at 2uup—u)s (in this 
case wpfuus). The spectral resolution of this technique is 
mainly determined by the bandWidth of the applied laser 
sources. 

According to the second technique, broadband or multi 
plex CARS, a broadband Stokes beam (spectral Width typi 
cal 100-1000 cm“) can be used to excite several Raman 
transitions under investigations simultaneously. The use of a 
narroW band probe and a broadband Stokes beam enables 
simultaneous measurement of the entire band of the Raman 
spectrum (see, for example, “Infrared and Raman Spectros 
copy,” edited by B. Schrader, VCH, Weinheim, 1995). The 
spectral resolution of this technique is usually achieved by 
using a monochromator and a multichannel detection sys 
tem. Thus, one laser shot is utiliZed to measure the entire 
CARS spectrum. 

Another possibility to obtain multiplex CARS spectra is 
to use a time-resolved CARS scheme. In this technique, tWo 
relatively broadband exciting pulses are used for simulta 
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2 
neously populating several Raman levels. The spectral data 
is obtained by measuring the interference pattern of the 
CARS signal from a third, delayed broadband probe pulse 
(see, for example, an article of Leonhardt et al., published in 
Chem. Phys. Lett., 1987, V. 133, P. 373). 

Coherent Raman processes have become a valuable tool 
in the past feW decades in femtosecond time-resolved spec 
troscopy, as Well as in combustion studies and condensed 
state spectroscopy For example, Leonhardt et al describes in 
Chem. Phys. Lett. 1987, V. 133, P. 373 the measurements of 
the energy difference and the lifetimes of tWo (or more) 
Raman levels by Fourier-decomposing the quantum beats of 
the CARS signal using femtosecond pulses. This scheme has 
been recently used to analyZe the energy-level diagram of 
complex molecules. 
CARS has recently become a favorable technique for 

nonlinear depth-resolved microscopy (see, for example, 
US. Pat. No. 6,108,081; WO 02/06778; and scienti?c 
articles Zumbusch et al., Phys. Rev. Lett., 1999, V. 82, P. 
4142; Hashimoto et al., Opt. Lett., 2000, V. 25, P. 1768; and 
Volkmer at al., Applied Phys. Lett., 2002, V. 80, P. 1505). 
CARS microscopy has the potential, for example, for study 
ing live biological specimens While gathering three-dimen 
sional information on their molecular constitution. HoWever, 
the these CARS microscopes also require tWo or three 
narroW-band sources that must be all tightly synchronized 
and also tunable Within the Raman energy range. 

It should be appreciated that the signal of CARS (being a 
result of a nonlinear process) is stronger With short intense 
pulses. HoWever, the femtosecond CARS techniques suffer 
from tWo major dif?culties. First, there is an increased strong 
background signal typically due to the electronic contribu 
tions to the third-order susceptibility, both from the sample 
and from the surrounding medium (i.e., solvent). The second 
dif?culty is associated With a lack of selectivity betWeen 
neighboring energy levels, due to the large bandWidth of the 
pulses. 

These problems can be solved by coherent quantum 
control methods. The concept of coherent quantum control 
of a quantum system is based on the achievement of con 
structive interference betWeen different quantum paths lead 
ing to a desirable outcome, While interfering destructively 
With paths leading to other outcomes. While schemes of 
coherent control may involve excitations by continuous 
Waves, most available techniques are also knoWn Which 
involve ultrashort optical pulses. With the recent progress in 
ultrafast optics, it is noW possible to shape ultrashort signals 
With desired spectral shapes (see, for example, US. Pat. No. 
6,327,068 assigned to the assignee of the present applica 
tion). 
The inventors of the present invention have recently 

shoWn hoW coherent control techniques can be exploited to 
improve the CARS spectroscopy employing three femtosec 
ond pulses related to the pump, Stokes and probe beams, 
respectively. TWo approaches have been described for con 
trolling the CARS process. According to the ?rst approach 
(“Quantum Control of Coherent anti-Stokes Raman Pro 
cesses” by Oron et al., published in Phys. Rev. A, 2002, V. 
65, P. 43408), a periodic phase modulation is used to control 
the population induced by broadband pulses. By shaping 
both the pump and the Stokes pulses With an appropriate 
spectral phase function, the nonresonant CARS background 
has been greatly reduced. This technique also alloWs for 
exciting just one out of many vibrational levels, even When 
all of them are Within the spectral bandWidth of the excita 
tion pulses. According to the second approach (“Narrow 
Band Coherent Anti-Stokes Raman Signals from Broad 
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Band Pulses” by Oron et al., published in Phys. Rev. Lett., 
2002, V. 88, P. 63004), only the probe pulse is shaped, 
thereby enabling enhancement of the resolution of the 
measured CARS spectrum . The achieved spectral resolution 
becomes signi?cantly better than the bandWidth of the 
readout pulse. In particular, by tailoring the phase of a 100 
femtosecond probe pulse, a narroW-band CARS spectros 
copy resonant signal has been obtained With a Width of less 
than 15 cm“, Which is an order of magnitude narroWer than 
the CARS signal from an unshaped, transform limited pulse 
(all frequency components having the same phase). 

SUMMARY OF THE INVENTION 

There is a need in the art to facilitate coherent anti-stokes 
Raman scattering (CARS) spectroscopy and microscopy by 
providing a novel method and system for producing an 
exciting signal to induce a CARS process in a medium. 

The main idea of the present invention consists of induc 
ing a CARS process in a medium (i.e., providing a CARS 
spectrum of the medium) by exciting the medium With a 
single pulse carrying a pump photon, a Stokes photon and a 
probe photon. In other Words, the technique of the present 
invention provides for supplying three interacting photons 
(the pump photon, Stokes photon and probe photon) by the 
same unitary excitation pulse. This enables the system 
operation With a single laser source generating a transform 
limited femtosecond pulse. The present invention provides 
various coherent-control techniques consisting of shaping 
the transform limited pulse broadband pulse (carrying a 
pump photon, a Stokes photon and a probe photon) to 
produce a unitary optical excitation pulse enabling identi? 
cation of a CARS signal induced by this pulse from any 
other optical signal. 

The present invention provides for designing a single 
pulse CARS spectrometer or microscope free of the tWo 
aforementioned dif?culties, and for achieving high spectral 
resolutions and diminishing the detrimental effects of the 
nonresonant background. 

The concept of the present invention for performing a 
nonlinear optical interaction With a matter in a single coher 
ently controlled pulse offers a promising alternative to the 
conventional multi-beam nonlinear systems in use today. 

Thus, according to one aspect of the present invention, 
there is provided a method for producing an output coherent 
anti-stokes Raman scattering (CARS) signal of a medium, 
the method comprising: (i) producing a unitary optical 
excitation pulse that carries a pump photon, a Stokes photon 
and a probe photon; and (ii) inducing a CARS process in the 
medium by exciting the medium by the at least one unitary 
optical excitation pulse. 

The unitary optical excitation pulse carrying the pump, 
Stokes and probe photons is produced by generating a 
transform limited optical pulse carrying the pump, Stokes 
and probe photons; and applying a predetermined shaping to 
the transform limited optical pulse. 

The shaping of the transform limited optical pulse may 
comprise blocking Wavelengths shorter than a predeter 
mined Wavelength in said pulse. This predetermined Wave 
length is de?ned by a spectral bandWidth in Which the output 
CARS signal is likely to occur. 

The shaping of the transform limited optical pulse may 
comprise assigning a desired phase to each Wavelength 
component of the transform limited optical pulse. The 
assigning of the desired phase is preferably carried out is 
addition to the blocking of Wavelengths shorter than the 
predetermined Wavelength. The assigning of the desired 
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4 
phase preferably includes modulating a spectral phase of the 
transform limited optical pulse by using a desired spectral 
phase function. The desired spectral phase function may be 
a periodic function, or may be formed by at least one phase 
gate having a bandWidth substantially narroWer than the 
bandWidth of the unitary excitation pulse to be produced. 
The phase gate may for example be a at phase gate, e.g., With 
the bandWidth in the range of about 0.5 nm to 3 nm. The at 
phase gate is preferably spectrally located in the vicinity of 
a short Wavelength end of the excitation pulse to be pro 
duced. 
The above shaping can be implemented by passing the 

transform limited pulse through a Spatial Light Modulator 
(SLM). 

Alternatively or additionally to the phase modulation, the 
shaping may comprise application of polariZation control to 
the transform limited pulse consisting of 90 degree polar 
iZation rotation of predetermined Wavelengths of the pulse. 
This results in that the inpout transform limited pulse is split 
into a broadband pump component and a narroW-band probe 
component having substantially orthogonal polariZations. 

According to another aspect of the invention, there is 
provided a pulse creation method for use in coherent anti 
stokes Raman scattering (CARS) spectroscopy or micros 
copy, the method comprising: utiliZing a single laser oper 
able to generate a transform limited optical pulse carrying a 
pump photon, a Stokes photon and a probe photon, and 
applying a predetermined shaping to the transform limited 
optical pulse to produce a unitary optical excitation pulse. 

According to yet another aspect of the invention, there is 
provided a method for coherent anti-stokes Raman scatter 
ing (CARS) spectroscopy of a medium constituted of mol 
ecules capable of producing an output CARS signal, com 
prising: 
(a) producing at least one unitary optical excitation pulse 

that carries a pump photon, a Stokes photon and a probe 
photon; 

(b) focusing said at least one unitary optical excitation pulse 
onto the medium, thereby exciting the medium to produce 
the output CARS signal of the molecules; and 

(c) measuring said output CARS signal. 
According to yet another aspect of the invention, there is 

provided a method for coherent anti-stokes Raman scatter 
ing (CARS) microscopy of a target material constituted of 
molecules producing an output CARS signal, the method 
comprising: 

producing at least one unitary optical excitation pulse that 
carries a pump photon, a Stokes photon and a probe 
photon; 

focusing said at least one unitary optical excitation pulse 
onto the medium, thereby exciting the medium to 
produce the output CARS signal of the molecules; 

providing a relative displacement betWeen the medium 
and the exciting beam to thereby enable scanning of the 
medium by the unitary excitation pulse beam. 

The invention according to its yet another aspect provides 
a system for use in measuring an output coherent anti-stokes 
Raman scattering (CARS) signal of a medium, the system 
comprising a single laser operable to generate at least one 
transform limited optical pulse carrying a pump photon, a 
Stokes photon and a probe photon, and a programmable 
pulse shaper for receiving the transform limited optical pulse 
and shaping it to produce a unitary optical excitation pulse. 

There has thus been outlined, rather broadly, the more 
important features of the invention in order that the detailed 
description thereof that folloWs hereinafter may be better 
understood. Additional details and advantages of the inven 
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tion Will be set forth in the detailed description, and in part 
Will be appreciated from the description, or may be learned 
by practice of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In order to understand the invention and to see hoW it may 
be carried out in practice, a preferred embodiment Will noW 
be described, by Way of non-limiting example only, With 
reference to the accompanying drawings, in Which: 

FIG. 1 is an energy level diagram of the typical CARS 
process; 

FIG. 2A illustrates a schematic vieW of a single-pulse 
CARS spectrometer system, according to one embodiment 
of the invention; 

FIG. 2B illustrates a schematic vieW of a single-pulse 
CARS spectrometer system, according to another embodi 
ment of the invention; 

FIG. 3A to FIG. 3C illustrate effect of a modulated 
spectral phase function on the temporal shape of the pulse 
and on the population amplitude; 

FIG. 4A to FIG. 4C illustrate examples of measurements 
of the Raman spectra obtained by varying the phase function 
periodicity; 

FIG. 5A to FIG. 5B illustrate the nonresonant background 
suppression by using periodic spectral function With addi 
tional harmonics; 

FIG. 6A to FIG. 6C illustrate effect of a at phase gate phase 
function on the temporal shape of the pulse and on the 
population amplitude; 

FIG. 7A to FIG. 7D are examples of a numerical simu 
lation illustrating the effect of the phase control by using an 
excitation phase With a narroW-band phase gate. 

FIG. 8A and FIG. 8B illustrate measured normaliZed 
CARS spectra by using a is transform limited pulse a phase 
gate shaped pulse for methanol and iodomethane, corre 
spondingly; 

FIG. 9A to FIG. 9D illustrate the normaliZed spectral 
intensity derived from the measured CARS spectra along 
With those obtained by computer simulations for several 
materials. 

FIG. 10A to FIG. 10D illustrate CARS spectra from 
iodomethane obtained With polarization-only shaping and 
plotted for various probe bandWidths; 

FIG. 11 shoWs a schematic draWing of the spectral inten 
sity of a phase and polariZation shaped excitation pulse; 

FIG. 12 is a schematic draWing of the electric ?eld 
envelope versus time for phase and polariZation shaped 
pulses; 

FIG. 13A to FIG. 13C illustrate CARS spectra from 
iodomethane obtained With both polariZation and phase gate 
shaping and plotted for various probe bandWidths; 

FIG. 14A to FIG. 14C illustrate examples of Raman 
spectra of several simple molecules obtained With phase and 
polariZation shaped pulses; 

FIG. 15 illustrates a schematic vieW of a single-pulse 
CARS microscopy system, according to one embodiment of 
the invention; and 

FIG. 16A to FIG. 16D illustrate an example of depth 
resolved single-pulse CARS images. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

The present invention provides a method and a CARS 
system such as spectrometer or microscope carrying out this 
method based on inducing the entire CARS process by 
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6 
producing a single (unitary) ultrashort optical excitation 
pulse that supplies all three photons (the pump photon, 
Stokes photon and probe photon) required for the CARS 
process. 
The principles and operation of the CARS spectrometry 

and microscopy according to the present invention may be 
better understood With reference to the draWings and the 
accompanying description, it being understood that these 
draWings and examples in the description are given for 
illustrative purposes only and are not meant to be limiting. 
The same reference numerals Will be utiliZed for identifying 
those components Which are common in the CARS spec 
trometer and microscope systems shoWn in the draWings 
throughout the present description of the invention. 

It should be noted that the inducing of the entire CARS 
process by a single excitation pulse is feasible When the 
pulse duration is shorter than the vibrational period of the 
molecules of the medium under investigation. For example, 
a length of this excitation pulse can be in a femtosecond 
range. In this case, the CARS signal is produced by an 
intra-pulse four-Wave mixing process. Each of the different 
components of the CARS signal is the resultant of the 
interference of all the quantum paths that contribute to the 
nonlinear polariZation process. 

It should also be noted that inducing the CARS process 
With a single excitation pulse is associated With several 
inherent dif?culties. First of all, a technical dif?culty arises 
from the partial spectral overlap betWeen the spectral bands 
of the excitation pulse and the CARS signal, Which can be 
orders of magnitude Weaker than the pulse signal. 

This dif?culty, according to one embodiment of the inven 
tion, can be overcame by means of a partial blocking of the 
excitation pulse spectrum in the range of the expected CARS 
signal, and an appropriate spectral ?ltering of the measured 
CARS signal. 

Moreover, if a medium is excited by a single transform 
limited pulse (i.e., a pulse in Which all frequency compo 
nents have the same phase), then the CARS process can 
encounter the folloWing difficulties: 
One of the dif?culties arises from the fact that all vibra 

tional levels having the energy Within the bandWidth of the 
transform limited pulse are excited. As a result, the spectral 
resolution of the CARS signal is limited by the excitation 
pulse bandWidth. 

Another knoWn dif?culty, Which is common to all CARS 
techniques utiliZing femtosecond pulses and is therefore 
relevant also to the single-pulse CARS spectrometer and 
method of the present invention, results from a strong 
nonresonant background signal. As the bandWidth of the 
excitation pulse is increased (in other Words, as the shorter 
excitation pulse having higher peak intensity is used), the 
magnitude of the background signal increases much more 
rapidly than the resonant CARS signal. The nonresonant 
background signal thus can be detrimental to the ability to 
spectrally resolve resonant transitions. 
The present invention provides for eliminating the above 

dif?culties by applying a quantum coherent control tech 
nique to the transform limited optical pulse. According to the 
invention, the quantum coherent control is achieved by 
means of a predetermined shaping of the transform limited 
pulse to produce a unitary optical excitation pulse that 
enables identi?cation of a CARS signal induced by this 
pulse from any other optical signals. 

Referring to FIG. 2A, there is schematically illustrated a 
CARS measurement system (spectrometer) 20 according to 
one embodiment of the present invention associated With a 
sample holder 29 containing a medium under investigation. 
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The CARS spectrometer system 20 includes a single laser 21 
adapted for producing optical transform-limited driving 
pulses 210 Wherein each such pulse carries a pump photon, 
a Stokes photon and a probe photon Which are necessary for 
exciting the medium and inducing the CARS process 
therein, a programmable pulse shaper 22 operable for shap 
ing the input transform limited driving pulse to produce a 
unitary optical excitation pulse carrying the pump, Stokes 
and probe photons, a detector unit 26 for collecting a CARS 
signal coming from the medium and generating data indica 
tive thereof, and a light directing optics for directing the 
input pulses to the medium and directing the CARS signal 
to the detector. 

The laser 21 can be any laser capable to generate trans 
form limited pulses in a femtosecond (fs) time range. For 
example, the transform limited pulses can be in a range of 
about 5 fs to 100 fs and, preferably, betWeen 10 fs and 20 fs). 
For example, a TizSapphire laser oscillator capable of gen 
erating 20 fs full-Width at half maximum (FWHM) trans 
form limited pulses at 80 MHZ, centered at 815 nm (corre 
sponding to a bandWidth of about 75 nm or an energy span 
of 1100 cm_l) can be employed for the purpose of the 
present invention. The programmable pulse shaper 22 is 
con?gured for shaping the input transform limited driving 
pulses by assigning a desired phase to each Wavelength 
component of the transform limited optical pulse, preferably 
only in a predetermined Wavelength range, i.e., outside that 
Where the CARS signal is most likely to occur. The use of 
such a pulse shaper enables for coherently controlling the 
CARS process. 
A sample of the input transform limited pulse 210 gen 

erated by the laser 21 is directed to the pulse shaper 
assembly 22 by a mirror 23a, and a shaped pulse 220 
produced by the shaper assembly 22 is directed to the holder 
29 by a further mirror 23b. Obviously, each of these single 
mirror elements of the light directing optics may be replaced 
by one or more beam splitter and/or a set of mirrors, or any 
other knoWn light de?ecting means. 

In the present example of FIG. 2A, the programmable 
pulse shaper 22 is a 4-f shaper that includes an input 
dispersive assembly 221, an output dispersive assembly 222; 
an input focusing element 223, an output focusing element 
224; and a programmable Spatial Light Modulator (SLM) 
226 located at the Fourier plane de?ned by the focusing 
elements 223 and 224. In the present example, also provided 
in the pulse shaper 22 is a blocking element 225. 

For example, the dispersive assemblies 221, 222 can be 
thin ruled re?ective gratings With 1200 lines/mm and the 
focusing elements 223, 224 can be achromat lenses (e.g., 
With a focal length of 100 mm). Though the above embodi 
ment uses ruled re?ective gratings at the input and output of 
the pulse shaper to spatially disperse and recombine the 
various frequency components of the pulses, it should be 
pointed out that any other suitable dispersive elements can 
be used, e. g., transmission gratings, prisms, or combinations 
thereof. Furthermore, the function of the focusing elements 
223, 224 in de?ning the system Fourier plane (focal plane) 
at Which the SLM 226 is located, can be ful?lled by any 
other element having positive focusing poWer, e.g., a con 
cave mirror. 

The blocking element 225 is, for example, a plate 
arranged for blocking at the Fourier plane Wavelengths 
shorter than a predetermined Wavelength (e. g., 780 nm) in is 
the range of a CARS signal, as they can spectrally overlap 
an output CARS signal 211. In the present example of FIG. 
2A, the blocking element 225 is arranged betWeen the SLM 
226 and the output focusing element 224. HoWever, as can 
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8 
be appreciated by a person skilled in the art, the blocking 
element 225 can be arranged either upstream or doWnstream 
of the SLM 226. Furthermore, the function of blocking 
element 225 can be ful?lled by any sharp-edge long-pass 
?lter, e.g., a dielectric ?lter. 
The programmable SLM 226 may be a liquid crystal 

based SLM of the type described by A. M. Weiner in the 
article published in Rev. Sci. Inst., 2000, V. 71, P. 1929. This 
SLM includes an SLM pixel array having 128 pixels at its 
Fourier plane. The spectral resolution, determined by the 
spot siZe at the Fourier plane, can be better than 0.5 nm 
(equivalent to about 8 cm“). 
The operation of the 4-f pulse shaper 22 is as folloWs. The 

input dispersive element 221 operates to spatially separate 
the frequency components of the input transform limited 
pulse. The input focusing element 223 focuses each of these 
frequency components to its speci?c position at the focal 
plane, Where the SLM 226 is located. The blocking element 
225 blocks at the Fourier plane Wavelengths shorter than the 
predetermined Wavelength. The SLM 226 is operative as an 
updateable ?lter for spectral manipulation of the incoming 
pulses, and alloWs the independent control of the phase and 
amplitude of each of the light components passing through 
128 pixels, thereby modifying the pulse shape and temporal 
pro?le according to the desired pulse properties. For 
example, the Width of each pixel is 97 um, the inter-pixel gap 
is 3 pm, While the spot siZe at the focal plane is about 80 pm. 
The output focusing element 224 and output dispersive 
element 222 then recombine each of the separate frequency 
components to produce a shaped pulse 220. 

Thus, the programmable pulse shaper 22 of FIG. 2A is 
operable by a suitable control unit 27 for separating betWeen 
different frequency components of the input pulse, blocking 
the predetermined frequencies (higher frequencies, Which 
can overlap the CARS signal); and assigning the desired 
phase to each frequency component of the remaining (non 
blocked) portion of the input pulse by using any desired 
spectral phase function. 
The CARS spectrometer system 20 may utiliZe an open 

loop control, in Which the applied spectral phase function is 
derived theoretically for each experiment, or may utiliZe a 
closed feedback loop for determining the applied spectral 
phase function. 
The shaped pulse 220 produced by the pulse shaper 22 

carries a pump photon, a Stokes photon and a probe photon 
(Which are necessary for exciting the medium and inducing 
the CARS process therein) and is therefore also referred to 
as “the unitary optical excitation pulse”. 
The unitary optical excitation pulse 220 re?ected from the 

mirror 23b is focused by a focusing assembly 2411 onto the 
medium under investigation for exciting thereof and induc 
ing a CARS process. In the present example, the focusing 
assembly 24a includes an objective lens arrangement having 
an NA:0.2 numerical aperture. 
The light directing optics further includes a lens assembly 

24b accommodated for collection of the output CARS signal 
of the medium. This lens assembly 24b, preferably, has 
numerical aperture similar or larger than that of the lens 2411. 
It should be noted that the focusing assembly 2411 can also 
serve as a collecting optics in a back-scattered mode. 

Further provided in the CARS spectrometer system 20 is 
a ?ltering assembly 25 operable for ?ltering the CARS 
signal obtained from the medium. In the present example, 
the ?ltering assembly 25 includes a spectral ?lter 251 (e.g., 
a bandpass or short-pass ?lter), and preferably includes a 
computer-controlled monochromator 252 or a spectrograph 
(not shoWn). An example of the ?lter 251 includes, but is not 
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limited to, a 40 nm FWHM bandpass ?lter centered at 750 
nm, While an example of the computer-controlled mono 
chromator 252 includes, but is not limited to, a computer 
controlled monochromator With a spectral resolution of 0.5 
nm (equivalent to about 8 cm-1 at 750 nm). 

The ?ltered output of the ?ltering assembly 25 is collected 
by the detector unit 26, Which includes a detector 261 of the 
kind receiving a light signal and generating an electrical 
output indicative thereof, and may also include a lock-in 
ampli?er 262 operable by the control unit (computer) 27. 

It should be appreciated that the construction and opera 
tion of the ?lter 251, monochromator 252, detector 261 and 
a lock-in ampli?er 262 as Well as the elements of the light 
directing optics, are knoWn per se, and therefore need not be 
speci?cally described. 

It should be noted that the measurable Raman energy 
range of the system 20 can, for example, be about 300 
cm_1-900 cm_l, that is typical of carbon-halogen bond 
stretching. The loWer limit of the measurable energy range 
is determined by the need to ?lter out the excitation pulse, 
While the upper limit is dictated by the excitation pulse 
bandWidth. Since the technique does not require an elec 
tronic resonance With the driving input ?eld, it can be 
implemented With any broadband optic source 21. The 
measurable Raman energy range of the system 20 can be 
extended to the ?ngerprint region (900 cm_1-1 500 cm“) by 
using pulses of duration 10 fs-20 fs, available in the state 
of-the-art commercially available lasers. 

Referring to FIG. 2B, a schematic vieW of a CARS 
spectrometer system 200 according to another embodiment 
of the present invention is schematically illustrated. The 
CARS spectrometer system 200, distinguishes from the 
CARS system 20 shoWn in FIG. 2A in that its shaper 
assembly additionally to the phase modulator or as an 
alternative thereto comprises a polarization control assem 
bly including a frequency-selective ?lter, such as grating 
221, and a 90 degree polarization rotator accommodated in 
the optical path of the frequency components emerging from 
the ?lter and operable for applying a 90 degree polarization 
rotation to the predetermined frequency range of the input 
transform limited laser pulse, and comprises a crossed 
polarizer unit Py accommodated in the optical path of a 
signal propagating from the medium to the detector for 
extraction of the cross-polarized CARS signal. 

In the present example of FIG. 2B, the polarization rotator 
is constituted by an SLM arrangement 226, but it should be 
understood that any other suitable means can be used (e.g., 
a half-Wavelength assembly). Additionally, in the example 
of FIG. 2B, the polarization control assembly also includes 
a polarizer P,C accommodated in the optical path of the 
transform limited laser pulse propagating toWards the shaper 
assembly. It should hoWever be understood that the provi 
sion of this input polarizer P,C is optional, and can be 
eliminated by using a laser source producing linearly polar 
ized light. In the example of FIG. 2B, the SLM unit can be 
operable for performing both the phase shaping and polar 
ization rotation of the frequency components of the trans 
form limited pulse. Generally, the phase assembly may 
comprise only a polarization rotator of any knoWn suitable 
type. The SLM assembly suitable to be used in the system 
of the present invention may, for example, be of the type 
described by T. Brixner et al. in the articles published in Opt. 
Lett., 2001, V. 26, P. 557 and Appl. Phys., 2002, V. B74, P. 
S133. Such a programmable liquid crystal SLM 226 
includes tWo SLM liquid crystal pixel arrays (dual cell 
SLM) Whose preferential axes are at right angles to each 
other and are rotated by :450 relative to the polarization of 
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10 
the input laser pulse (denoted as the x direction). Any 
difference in the applied retardance betWeen the tWo arrays 
results in modi?cation of the input pulse polarization. In this 
technique, the SLM can act as both a controlled spectral 
phase mask and as a controlled Waveplate. 

Thus, in this speci?c example, the programmable pulse 
shaper, in operates for both assigning the desired phase to 
each frequency component of the driving laser pulse, and a 
polarization control of the pulse. In particular, the polariza 
tion control can be used to break the ultrashort input pulse 
210 into a broadband pump and a narroW-band probe With 
orthogonal polarizations. 
The nonlinear polarization producing the CARS signal 

driven by an electric ?eld of the excitation pulse Whose 
spectrum is E(u)) can be approximated for nonresonant 
transitions, by using time dependent perturbation theory, as 
(for more details see, for example, Oron et al., Phys. Rev. 
Lett., 2002, V. 88, P. 63004): 

Where 

is the probability amplitude to populate a vibrational level 
With energy hQ (henceforth, the population amplitude), 
While E(u)-Q) represents the probe ?eld. 

Similarly, the nonlinear polarization for a singly resonant 

Raman transition through an intermediate level Ii) at an 
energy of hQR and a bandWidth T can be approximated by 

E(w - 9) 

The CARS process can be controlled by controlling the 
population amplitude A(Q). The control of A(Q) is accom 
plished by controlling the spectral phase of the single 
broadband excitation pulse. Such a phase-only pulse shaping 
of the pulse merely means multiplication of the electric ?eld 
E(u)) (that includes pump, Stockes and probe photons) by a 
phase function exp(i(I>(u))). 
The population of a vibrational level at energy hQR is 

proportional to 

lA(Q)l2:ljdmE(0J)E*(0J—QR)l2, (3) 

Where E:|E(u))|exp(i(I>(u))) is the complex spectral ampli 
tudes of the applied ?eld. Each level is thus excited by all 
frequency pairs separated by QR. The interference betWeen 
the multiple paths leading to the population of the level QR 
is determined by the relative phase of each contribution 
(I>(u))—(I>(u)—QR). Thus, constructive interference is achieved 
When (I>(u)):(I>(u)—QR) for all frequency components of the 
excitation pulse. Therefore, if the excitation pulse is a 
transform-limited pulse (all frequency components having 
the same phase), then the constructive interference holds for 
all values of QR, thus spectral resolution is lost. 

According to one example of the phase control, that has 
been ?rst described by the inventors in an article entitled 
“Single-pulse coherently-controlled nonlinear Raman spec 
troscopy and microscopy” published in Nature, V. 418, PP. 
512-514 (August 2002), the spectral phase of the excitation 
















